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Abstract
The through-thickness conductivity of carbon fiber reinforced polymer (CFRP)
composite was increased by incorporating multiwalled carbon nanotubes in
the interlaminar region. Carbon nanotubes (CNTs) were dispersed in a poly-
ethylenimine (PEI) binder, which was then coated onto the carbon fiber fabric.
Standard vacuum-assisted resin infusion process was applied to fabricate the
composite laminates. This modification technique aims to enhance the electri-
cal conductivity in through-thickness direction for the purpose of nondestruc-
tive testing, damage detection, and electromagnetic interference shielding.
CNT concentrations ranging from 0 to 0.75 wt% were used and compared to
pristine CFRP samples (reference). The through-thickness conductivity of the
CFRP exhibited an improvement of up to 781% by adopting this technique.
However, the dispersion of CNT in PEI led to a viscosity increase and poor
wetting properties which resulted in the formation of voids/defects, poor adhe-
sion (as shown in scanning electron micrographs) and the deterioration of the
mechanical properties as manifested by interlaminar shear strength and
dynamic mechanical analysis measurements.
KEYWORD S
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1 | INTRODUCTION
Damage within composites is often due to shock events
causing delamination between plies and is hard to be
observed visually or accurately.1 Thus, structural
health monitoring is used to determine the remaining
life of a structure. Self-sensing materials have allowed
the possibility to detect and self-monitor the strain and
damage in the system nondestructively.2 Carbon fiber
reinforced polymer (CFRP) damage is linked with its
electrical resistance, as cracks apparition and develop-
ment reduce composites' conductivity, allowing real-
time monitoring of its condition. By detecting early
damage, life extension control can be made as well as
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damage mitigation to ensure the reliability and safety
of CFRP.
Indeed CFRP have high specific strength, excellent
Young's modulus, good corrosion resistance, and anti-
fatigue properties, making it an alternative material to the
conventional metal in many applications including aero-
space, automotive and structural engineering.3 However,
CFRP is an anisotropic material that has a low electrical
and thermal conductivity, especially in the through-thick-
ness direction due to the nonconductive matrix resin
between the carbon fiber plies. This makes it difficult to
detect damage inside the composite. Enhanced electrical
conductivity in the through-thickness direction would not
only allow dynamic structural health monitoring,4–7 but
would also increase the effectiveness of electromagnetic
shielding and provide lightning protection.8–13
Researchers have integrated several types of carbon-
based nanofillers, such as carbon nanotubes (CNTs),
graphene, and carbon black to improve the electrical prop-
erties of the CFRP.14–18 Nanofillers have a very high surface
area to volume ratio, leading to the high interfacial area
and thus to better interfacial adhesion. However, CNT
agglomeration can prevent the formation of an extensive
interphase area and introduce defects. This has been an
issue for the effective fabrication of conductive polymer
composites (CPC), epoxy systems have been reported in the
literature.19,20 Nevertheless, nanosize particles allow for
early particle percolation threshold, at very low wt%.21
CNT, in particular, are also high aspect ratio objects, driving
down further the wt% required to reach the percolation
threshold,22 and therefore can be used to provide a fair and
stable conductivity in composite structures. Chapartegui
et al.23 analyzed the vitrification time of neat epoxy and
epoxy-based CPC CNT by rheometry during isothermal cur-
ing at 60C. The authors reported that at low filler content
that is, 0.1 wt%, CNT tended to decrease the gelation time,
whereas for CNT contents over the percolation, the reverse
effect was observed. Domingues et al.24 showed that the use
of an electric field during CPC epoxy curing enhanced the
CNT agglomeration. They also showed that field-induced
CPC reached a higher conductivity. De La Vega et al.25
investigated the curing of epoxy-based CNT by conductivity
coupled with Raman spectroscopy measurements. While
subjected to increasing temperature isothermal steps, the
conductivity increased along with the degree of curing and
the Raman peak shift decreased at each isothermal stage.
The authors demonstrated that the shrinkage of the epoxy-
based CPC, which induces thermo-compressive strain on
the CNT, was revealed by the Raman G' band shift.
The re-agglomeration effect of carbonaceous components
in epoxy-based CPC was reported by Schulte for carbon
black,26,27 and CNT.18 They claimed that filler particles were
flocculating within the polymer matrix due to Brownian
motion using the colloid particle–to–particle potential energy
theory.27 For particles being dispersed in a liquid/viscous
media, London and van der Waals attractive forces compete
with the repulsive Coulombic force. At long range, particles
have few interactions together. At closer range, Coulombic
repulsive forces act as a barrier of potential energy preventing
agglomeration. Nevertheless, the barrier can be crossed if the
thermodynamic properties are favorable. In this case, van
der Waals forces take over, allowing the particles to floccu-
late. Due to Brownian motion, filler agglomerates grow and
build up a percolation network following a fractal dimension
law.18,27 Indeed Ma et al. managed to mitigate the effect of
CNT re-agglomeration in epoxy-based CPC by using amino-
functionalized CNT, highlighting the importance of surface
energy in re-agglomeration inhibition.28
The elevation of temperature during curing gives more
energy to the system and allows van der Waals secondary
interactions to aggregate CNT in bundles to take place in the
case of epoxy-based CPC CNT. However, two other features
have a large influence on CNT re-agglomeration in CPC-
based structures. First, the resin viscosity drops before gela-
tion, allowing for a higher CNT re-agglomeration.29 Second,
the cured composite shrinkage also diminishes the CNT
interparticle distance and enhances the conductivity of the
epoxy-based CPC. Unfortunately, the heterogeneous resin
behavior, due to lower wetting capabilities, leads to a reduc-
tion of mechanical properties. Indeed CNT re-agglomeration
and preferential epoxy cure drastically increases local viscos-
ity,30,31 leading to increased porosity and further reduction of
mechanical properties, especially in the interlaminar region.
Polyethylene imine (PEI) is a well-known co-curing
agent of epoxy and has been used to increase interfacial
properties of CFRP by functionalizing carbon fibers32 and
was very recently used to improve epoxy-based CPC CNT
composites conductivity33 due to a better dispersion in solu-
tion. In this study, the interlaminar regions of CFRP were
modified with CNT/PEI coating having different loadings of
CNT in this study. The effect of CNT concentrations on the
through-thickness conductivity was investigated by measur-
ing the conductivity using a two-point probe method. Static
and dynamic mechanical properties were investigated via
interlaminar shear strength (ILSS) and dynamic mechanical
analysis (DMA). Scanning electron microscopy (SEM) was
also performed to assess the adhesion between the different
constituents (carbon fibers, PEI/CNT, epoxy) after breakage.
2 | EXPERIMENTAL
2.1 | Materials and sample preparation
Figure 1 represents the multiple steps taken in this study.
First, an aqueous suspension containing 3 wt% of
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predispersed multiwalled carbon nanotube (CNT)
(Nanocyl© Aquacyl- AQ0302) was sonicated with an
epoxy-compatible polyethylenimine (PEI, MICA A-131-
X) aqueous binder from Mica Corporation© (Figure 1
(a)). Cross-ply carbon fiber fabrics from Saertex (X-C-
218 g/m2-1400mm), with TORAY T700 SC 50C 12 K car-
bon fibers were selected in this study. PEI is well-known
for its epoxy-based composite interlayer properties34 and
can easily crosslink with the diglycidyl ether functional
group of epoxide resins, providing strong mechanical
adhesion at the interphase. The CNT concentration in
resin was set at 5%, 10%, and 15% weight in PEI and rep-
resented, respectively, 0.25, 0.50, and 0.75 wt% of the
overall weight of the composite. The PEI + CNT binder
mass was kept constant at 5 wt% of the overall CFRP
weight
The targeted overall composition of the laminates is
given in Table 1.
The aqueous binder + CNT solutions were then care-
fully applied on the carbon fiber fabrics and dried for
FIGURE 1 Schematics of overall CFRP preparation and testing: (a) CNT dispersion in PEI binder in a sonication bath. (b) Casting of
CNT/PEI solution on carbon fiber fabric. (c) VARI processing after the coated fabric was dried. (d) Cure and post-cure of the composite. (e)
Polishing (up to carbon fiber were apparent) and conductive epoxy application on both faces of laminates. (f) Two-point probe through-
thickness conductivity measurements. (g) DMA and ILSS testing. (CFRP, carbon fiber reinforced polymer; CNT, carbon nanotube; DMA,
dynamic mechanical analysis; ILSS, interlaminar shear strength; PEI, polyethylenimine; VARI, vacuum-assisted resin infusion) [Color figure
can be viewed at wileyonlinelibrary.com]
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24 h at room temperature under fume hood convection
(Figure 1(b)) followed by 2 h heating at 40C in an oven.
The CFRP plates were manufactured by vacuum-assisted
resin infusion molding at room temperature using an
Easy Composites© infusible epoxy resin (IN2) mixed with
a slow hardener (AT30) in 100:30 ratio (Figure 1(c)). The
laminates were then cured for 24 h at ambient tempera-
ture before post curing for 2 h at 40 and 50C followed by
4 h at 60C (Figure 1(d)). In this process, the processing
temperatures were kept fairly low to reduce the influence
of CNT re-agglomeration.
The top and bottom surfaces of each laminate were
polished to remove the excess epoxy resin and expose the
conductive path.35,36 A conductive silver epoxy adhesive
and hardener (CircuitWorks© CW2400) were mixed at a
1:1 ratio and painted on the plates at 20 equally distrib-
uted points with conductive threads (Kitronik© Electro
Fashion 2744) on both sides before leaving to cure over-
night (Figure 1(e)). After measuring the through-thick-
ness electrical conductivity (Figure 1(f)), the laminates
were cut into small specimens for DMA and ILSS analy-
sis (Figure 1(g)).
2.2 | Characterization
Silver conductive epoxy and conductive threads were
used with a digital multimeter (MS8217 Autorange) to
measure the electrical resistance between the two electri-
cal contacts in the through-thickness direction. The two-
point probe method is commonly used for CFRP electri-
cal measurement, as the contact resistance is low with
respect to the overall resistance.36–40 A grid of 20
through-thickness electrical resistance data was assessed
on each plate, taking into consideration the resistivity of
the conductive threads. The plate thickness was mea-
sured at each point for resistivity calculation by a digital
micrometer. The interfacial mechanical properties of the
CFRP specimens were investigated through ILSS tests
performed according to ISO 14130. The tests were carried
out using Instron 3369 at a crosshead speed of 1 mm/
min. DMA was performed according to ASTM D4065-12
to investigate the viscoelastic properties. The test was car-
ried out on samples (dimension: 35 × 8 × 2 mm3) using
DMA 8000 (Perkin Elmer©), in three-point bending
mode at 1 Hz and 20 μm displacement. A temperature
sweep from 25 to 150C at a rate of 5C/min was per-
formed. Glass transition temperature (Tg) and tan delta
were determined and plotted in the Pyris software to
obtain the damping properties of the CFRP.
SEM was acquired as a means of qualitatively
assessing failure morphologies following by Interlaminar
shear stress testing. The tested/fracture surfaces of the
CFRP composite samples were visualized by a Zeiss
Crossbeam 550 focused ion beam SEM at an electron
excitation voltage of 5 kV. Prior to the examination, the
fracture surfaces were sputter-coated with a thin evapo-
rated layer of gold, reaching a thickness of approximately
100 Å using an AGAR automatic Sputter Coater B7341.
3 | RESULTS AND DISCUSSION
3.1 | Through-thickness electrical
conductivity
The through-thickness electrical conductivity of the car-
bon fiber/epoxy plates loaded with CNTs was measured
and compared to the pristine CFRP as reference. The
average through-thickness conductivity of the carbon
fiber/epoxy plates loaded with CNT shows a sevenfold
increase compared with the pristine sample (Figure 2).
The conductivity continues to increase from 0.032 S/m
for the pristine CFRP sample, up to 0.216 S/m at CNT
loading of 0.25 wt% and to increase to 0.25 S/m at 0.5 wt
% loading. However, the conductivity surprisingly
decreases when the CNT loading is further increased to
0.75 wt% (0.226 S/m). The authors postulate this is due to
an increase in viscosity, leading to more porosity and
therefore a looser conductive network. The conductivity
of the CFRP increases logarithmically as the CNT loading
increases up to 0.5 wt%. This behavior agrees with the
TABLE 1 Weight composition of CFRP plates
Laminate name Fiber wt% CNT wt% Binder wt% Resin wt%
Pristine CFRP 58.00 — — 42.00
PEI binder only 58.00 — 5.0 37.00
0.25 wt% CNT loading + PEI binder 58.00 0.25 4.75 37.00
0.50 wt% CNT loading + PEI binder 58.00 0.50 4.50 37.00
0.75 wt% CNT loading + PEI binder 58.00 0.75 4.25 37.00
Abbreviations: CFRP, carbon fiber reinforced polymer; CNT, carbon nanotube; PEI, polyethylenimine.
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study from Allaoui and Zeng.14,41 The interfacial conductive
coating improves the through-thickness electrical conductiv-
ity by establishing a localized conductive network within the
CFRP. The electron transfer is greatly improved at the closest
conductive areas between the carbon fibers' layers. In a CNT
network, the main conduction mode is tunneling conductiv-
ity,42–44 that explains the logarithmic relationship between
conductivity and CNT loading, as the latter directly influ-
ences the minimal interparticle distance between the CNT.45
Allaoui and Zeng14,41 studies reported that the CNT
percolation threshold ranged from 0.5 to 2.5 wt%. In fact,
the uniformity and dispersion of the CNT can significantly
influence the percolation threshold. The more uniform the
dispersion, the lower the percolation threshold.46,47 Ma
et al. reported a large scatter regarding CNT percolation
threshold value for epoxy-based CPC.48 Therefore, in this
study, several CNT loadings were chosen above the mini-
mum percolation threshold to ensure a better through-
thickness conductivity. However, this also meant that at
such high CNT loadings agglomeration would occur. This
can particularly be seen in the case of the 0.75 wt% CNT
laminate, which displays lower conductivity than the
0.50 wt% CNT one. It should also be noted that the stan-
dard deviation of the three CNT-loaded sets is high and put
in doubt the significance of this trend, as often observed
when working with CNT due to re-agglomeration issues.
Poor dispersion of CNT can lower the effectiveness of
the enhancement of electrical properties in the composites
because it could increase agglomeration. Gojny et al.49 had
experienced that high percentage-loading of nanofiller, such
as carbon black and CNT, could deteriorate the electrical
and mechanical properties due to the agglomeration of the
nanofiller. In agreement with this, a decrease in conductivity
was observed as the CNT loading reached 0.75 wt%. The
higher loading of CNT increased the viscosity of the resin,
leading to the formation of CNT aggregates, which adversely
affected the wetting of the carbon fibers forming voids at the
interface.33–36The coefficient of variation of the CNT coated
samples were almost four times lower than the pristine sam-
ple, due to a more homogeneous conductive network, as
much as a lower minimal interlayer distance, responsible for
the higher conductivity of the CNT-based samples.
3.2 | Interlaminar shear properties
Figure 3(a) displays displacement–load curves, while Fig-
ure 3(b) represents the average ILSS for each type of sam-
ple. The incorporation of the PEI coating (with and
without CNT) reduced the maximum load and shear
stress that the specimens can withstand before failing.
The average ILSS of the CNT-coated samples was six to
eight times smaller than the pristine sample.
On one hand, PEI can easily bind to epoxide groups
and is often used as a co-curing and hardening agent for
epoxy.50 On the other hand, recent studies highlighted
excellent chemical compatibility between CNT and PEI51,52
allowing for high dispersion of CNT into PEI under sonica-
tion. These advantages drove the authors to use PEI as a
binder to epoxy-based CPC CNT nanocomposite.
However, Figure 3(b) undoubtedly describes a severe
reduction of ILSS. Pristine samples had an ILSS over five
times higher than the epoxy-based CNT CFRP samples,
including PEI. This adverse role played by the PEI could be
explained by its segregation at the interphase, drastically
reducing the wetting ability of epoxy to the PEI/CNT phase.
Further addition of CNT in the PEI increased the viscosity
of the PEI/CNT phase, further lowering the ILSS.
These results are hardly surprising as in the literature,
many through-thickness conductivity studies reported
significant reduction of mechanical properties36,53–61 (or
did not report on mechanical properties3,62–66).
Indeed, adding conductive nanoparticles in polymeric
matrices can severely increase the viscosity of the poly-
meric matrix, leading to a higher porosity and weak
fiber/matrix interfacial adhesion (as shown in the follow-
ing SEM investigation). This results in a significant drop
in mechanical properties, as has been shown in ILSS
measurements (Figure 3) and is further demonstrated in
the following DMA investigation.
3.3 | Viscoelastic properties
Five samples per set were tested in three-point bending
mode using a DMA in temperature sweep mode (5C/min).
FIGURE 2 Through-thickness electrical conductivity of
pristine and PEI/CNT loaded CFRP. (CFRP, carbon fiber reinforced
polymer; CNT, carbon nanotube; PEI, polyethylenimine)
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The Tan delta results are presented in Figure 4 for all cases.
The Tan delta measures the damping factor, which is the
ratio of the viscous response to the elastic response of the
material. Three critical indicators can be noticed in Figure 4:
the peak intensity, the glass temperature, and the Tan delta
peak width. In all examined cases, the same trend was
noticed: first the pristine CFRP samples have the highest
values, followed by PEI binder only samples, then by 0.75,
0.5, and finally 0.25 wt% CNT samples. This trend is the
same as for the ILSS results.
Tan delta is associated with the internal energy dis-
sipation of the matrix and filler interphase.67 The
width of the tan δ peaks increased significantly in the
CNT loaded composites, which indicates enhanced het-
erogeneity. A high but narrow peak describes a homo-
geneous CFRP interface with a good adhesion between
the fiber and the matrix, which is the case of the pris-
tine samples. Also, the Tg drift at lower temperature in
case of the CNT loaded samples is an indicator of a
lower reversible energy storage capacity (Gibbs free
energy).
The introduction of PEI in the composite had several
effects at the interphase: PEI is more flexible than epoxy
and was segregated in the interlaminar region. The tan δ
peak decreased significantly in comparison to pristine
samples, which can be attributed to the participation of
PEI in the curing mechanism of the epoxy resin, bringing
nonhomogeneity to the crosslinked network.68 The three-
phase system that is, carbon fibers, PEI, and epoxy, led to
a more heterogeneous material, increasing the local stiff-
ness difference at the interphase. Finally, the carbon fiber
sizing was not tailored for PEI adhesion, further reducing
the interfacial adhesion and the energy transfer ability of
the composite.
The addition of CNT in the PEI binder had two dis-
tinct effects: first, it drastically increased the PEI
binder viscosity, and second, it stiffened the material.
These antagonistic effects are responsible for the trend
regarding CNT loading. We hypothesized that adding a
small amount of CNT will cause a significant viscosity
increase,69 reducing wetting and interphase adhesion,
while adding more would help stiffen the CNT/PEI
phase as the CNT can occupy free volumes70 and limit
polymeric chain mobility, leading to better stress
transfer.
FIGURE 3 (a) Displacement/load curves (b) Summary of interlaminar shear strength (ILSS) properties for pristine CFRP compared to
CNT/PEI and PEI only CFRP samples. (CFRP, carbon fiber reinforced polymer; CNT, carbon nanotube; PEI, polyethylenimine) [Color
figure can be viewed at wileyonlinelibrary.com]
FIGURE 4 DMTA results of pristine and PEI/epoxy-based
CNT CFRP samples: Tan delta versus temperature curves. (CFRP,
carbon fiber reinforced polymer; CNT, carbon nanotube; PEI,
polyethylenimine) [Color figure can be viewed at
wileyonlinelibrary.com]
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3.4 | SEM observation
The fracture surfaces of the tested/failed ILSS specimens
were analyzed using SEM in order to investigate the frac-
ture morphology and the failure mechanisms. Note that
all imaged fracture surfaces were taken from similar
areas of the failed ILSS specimens, about 2 mm away
from the samples' center, for means of comparison.
As the SEM images indicate, there is a clear
fractographic difference between the fracture surfaces of
a pristine CFRP composite, which exhibits a typical brit-
tle behavior (Figure 5(a)), and the fracture surface of the
CNT loaded CFRP.
In Figure 5(a), two different crack initiation mecha-
nisms are reported. In Case 1, a void (black dot) in the
matrix acted as initiator. The presence of voids in the
epoxy matrix is inherent to the vacuum-assisted resin
infusion (VARI) processing used in this study. In Case 2,
crack development occurs within the fiber-rich region. It
is probable that the composite, which was only under
vacuum during the process, was not fully impregnated
and nonwetted carbon fibers allowed for crack apparition
within the composite.
Figure 5(b) represents a CFRP with 0.5 wt% CNT seg-
regated within the PEI binder, which was located at the
carbon fiber interphase. The red arrows highlight a
macro crack running throughout the picture. We can see
that the crack is not occurring at the carbon fiber/PEI
interface but between the PEI and the epoxy, due to a
shear ductile failure mechanism. As the PEI/CNT phase
was highly viscous, epoxy was not able to diffuse therein.
It should be noted that PEI, which is a co-curing agent of
epoxy resin, should have led to a higher local
crosslinking density at the interphase, and could have
been beneficial to the interfacial mechanical properties.
However, in the present case the influence of CNT on the
viscosity has been predominant. The lack of cohesion
between the PEI and epoxy phases is responsible for the
low mechanical properties noticed previously.
4 | CONCLUSIONS
In this study, the through-thickness electrical conductiv-
ity of CFRP was improved by an interlaminar modifica-
tion route. CNT particles were coated on dry CF
reinforcement fabrics with the aid of a PEI binder. PEI
also acted as a co-curing agent for epoxy along with the
amine hardeners. The PEI/CNT layer in the interlaminar
region helped to transfer electricity through the resin-rich
interlayers in the through-thickness direction. The scope
of a process that could be easily scaled up industrially led
us to select VARI processing which is often used to man-
ufacture large structures. The through-thickness electri-
cal conductivity was increased by close to 800% for 0.5 wt
% CNT samples compared to the pristine CFRP. The
observed decrease in through-thickness conductivity for
the 0.75 wt% CNT samples showed the limits of the CNT
dispersion in PEI.
However, the mechanical properties of the PEI/CNT
CFRP were significantly reduced, and the presence of PEI
in the interlaminar region reduced the ILSS over five times.
The benefits though from a higher curing density at the
PEI/CNT-epoxy interphase were largely overshadowed by
the tremendous increase in viscosity, leading to CNT
agglomeration, poor wetting and void formation.
The addition of CNT further reduced the ILSS due to
viscosity rise and poor wetting, but the addition of more
CNT allowed for a stiffened interphase, which slightly
increased the ILSS at higher CNT loadings. This trend
was confirmed in DMA, as it highlighted the heteroge-
neous aspect of CNT loaded CFRP samples. Finally, SEM
observations unequivocally showed the lack of adequate
adhesion between the PEI binder and epoxy.
In future work, the issue of segregated phases (PEI/
CNT and epoxy) should be addressed for example, mixing
PEI and some epoxy in a solvent prior to adding and dis-
persing CNT. The processing method could also be
reviewed, and a better consolidation could be obtained
with high pressure processing.
FIGURE 5 SEM cross-
section of (a) Pristine and (b)
0.5 wt% CNT/PEI CFRP
samples after the ILSS test. The
red arrows represent different
fracture mechanisms. (CFRP,
carbon fiber reinforced polymer;




[Color figure can be viewed at
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